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A B S T R A C T

The sagebrush biome in the western United States is a focus of widespread conservation concern due to multiple 
interacting threats including larger, more severe wildfires. Given the immense scale of the region and limited 
resources, prioritizing restoration treatments is essential for optimizing risk reduction and managing for resilient 
ecosystems. We leveraged work identifying sagebrush areas suitable for woody fuel treatments based on resil
ience to disturbance and resistance to annual grass invasion (R&R) and areas of sagebrush mapped as high 
conservation value. We used wildfire simulation modeling to estimate annual wildfire exposure (area burned), 
and identify areas where fire is transmitted to locations of high conservation value that are low R&R. We then 
optimized treatment location with the ForSys spatial planning system to prioritize treatment of wildfire exposure 
where treatments are ecologically suitable and explored how operational restrictions (e.g., distance to roads) 
limited the capacity to treat exposure. Overall, woody fuel treatments could be realistically implemented in only 
7.6 % (2.5 million ha) of sagebrush dominated areas. We found that 24 % of the wildfire exposure across all 
sagebrush associations occurred where fuel treatments were ecologically suitable, but consideration of opera
tional constraints reduced treatable exposure to 9 %. However, there was double the opportunity to reduce 
transmitted exposure to areas of high conservation value in the operational scenario despite restrictions. 
Leveraging treatment suitability and sagebrush conservation to strategically design implementable project 
treatment can help direct limited resources where they are likely to have the greatest ecological and risk 
reduction benefit.

1. Introduction

The sagebrush biome covers 66.8 million ha in the western US and 
has become an increased focus of conservation concern due to the 
interacting influences of increased wildfire size and frequency (Crist 
et al., 2023), spread of invasive annual grasses (Mozelewski et al., 2024; 
Prevéy et al., 2010; Smith et al., 2023), expansion and infilling of pinyon 
and juniper trees (Johnson and Miller, 2008; Miller and Rose, 1999) and 
climate change (Zimmer et al., 2021). These drivers of change have 
resulted in widespread degradation of sagebrush-dominated shrublands 
and concomitant losses in habitat quality (O’Neil et al., 2020; Schuyler 
et al., 2023), ecosystem services (York et al., 2019), and biodiversity 

(Aldridge et al., 2024; Cowan et al., 2022; Ostoja and Schupp, 2009), as 
well as increased wildfire risk (Holdrege et al., 2024).

Increased wildfire activity has led to the implementation of fuel 
treatments across the US Intermountain West to reduce wildfire risk 
(Chambers et al., 2024c; Ellsworth et al., 2022; Weise et al., 2023). 
These treatments are designed to reduce or redistribute fuel to make the 
area less susceptible to high intensity and high severity wildfire 
(Reinhardt et al., 2008) and/or to increase ecological resilience (Hood 
et al., 2022). Several recent review papers have highlighted the risks and 
benefits of fuel treatments in sagebrush-dominated landscapes 
(Chambers et al., 2024c; Shinneman et al., 2019, 2023; Weise et al., 
2023). Evidence shows that matching treatment type (i.e., prescribed 
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fire, mechanical, herbicide, grazing) to ecological conditions (resistance 
to invasion, resilience to disturbance, departure from historical vege
tation) is critical for positive treatment outcomes (Chambers et al., 
2023a).

Only recently have spatial data and treatment optimization tools 
been available to effectively target areas for fuel and restoration treat
ments where they can reduce fire risk and have positive ecological 
outcomes. To identify and map areas where woody fuel treatments 
(prescribed fire and mechanical thinning) are ecologically appropriate, 
Chambers et al. (2023c) developed treatment response groups (TRGs) 
for dominant sagebrush associations in the Great Basin of the western 
US. The TRGs were based on the concepts of resilience to disturbance 
(recovery potential) and resistance to invasion by the widespread 
invasive annual, cheatgrass (Bromus tectorum) (R&R; Chambers et al., 
2019; Chambers et al., 2017; Chambers et al., 2014), based on climate 
and water availability (Chambers et al., 2023c). The TRGs were then 
assigned woody fuel treatments – prescribed fire, mechanical, or no 
treatment, allowing the prioritization of fuel treatments that will best 
meet management objectives.

The recognition of the need to create a large-scale plan to guide 
conservation efforts led to the Sagebrush Conservation Design (Doherty 
et al., 2022a) advocating that management efforts primarily target 
intact core sagebrush areas (CSAs). These areas were mapped such that 
management efforts could mitigate further loss and strategically guide 
resources to improve partially degraded areas. Wildfire is a primary 
threat to CSAs (Crist et al., 2023), however, not all areas of CSAs are 
ecologically suitable for treatment, given the potential for woody fuel 
treatments to exacerbate annual grass invasion. Developing an appro
priate treatment strategy to protect CSAs requires an increased under
standing of treatment effects and wildfire risk in these areas to reduce 
wildfire exposure in high value areas with limited resilience to invasion.

The Sagebrush Conservation Design also called for a biome-wide 
collaborative effort to reduce risk and conserve core areas and noted 
the “daunting” scale of effort required (Doherty et al., 2022b). Previous 
work in the sagebrush biome to prioritize restoration focused on 
conserving wildlife species in a subset of the biome (ca. 12 million ha) 
following oil/gas development where time to recovery of sagebrush was 
low, thus restoration potential high (Duchardt et al., 2021). This study’s 
restoration footprint was relatively small, targeting <400,000 ha, 
without creating projects for managers, and did not address a 
biome-wide prioritization. Larger scale prioritization efforts included 
utilizing overlays of spatial data to identify high-priority areas for 
sagebrush restoration (Meinke et al., 2009) or focused on low canopy 
cover areas for non-focal woodland and sagebrush bird species habitat 
restoration (Reinhardt et al., 2023), but did not consider where man
agement was ecologically appropriate or create a sequence of opera
tional plans. Biome-wide prioritization based on conifer expansion, 
invasive annual grass cover, and ecosystem connectivity using 
multi-criteria decision analysis was conducted by Reinhardt et al. 
(2024), and recommended “defending and growing CSAs” to better 
target limited resources. However, none of these studies addressed the 
risk of wildfire, despite 9 million ha burning from 1984 to 2020 (Crist 
et al., 2023). As advocated in Doherty et al. (2022b) the complexities of 
wildfire risk and ecological data need to be translated into “tangible and 
implementable projects.”

The ForSys spatial planning system provides the capacity to leverage 
information on wildfire risk, treatment suitability and conservation 
value to strategically optimize treatment designs to reduce wildfire 
exposure in areas with high wildfire risk (Ager et al., 2021). ForSys has 
been used extensively to prioritize restoration and wildfire risk reduc
tion treatments across large, forested landscapes (Ager et al., 2017, 
2021; Day et al., 2023) utilizing spatial information on ecological con
ditions, treatment priorities and constraints. Unlike other prioritization 
models (e.g., Hanson et al., 2024), ForSys operates with a “bottom-up” 
approach recursively building projects of a designated size by aggre
gating adjacent stands while accounting for treatment thresholds such as 

distance from road (operational limits to treatment) and constraints 
(how much treatment). This allows for the aggregation of areas into 
projects and sequencing projects based on objective value. This contrasts 
with top-down approaches that control project connectivity by applying 
penalties to increase stand aggregation.

In this study, we leveraged prior research spatially identifying where 
treatments are ecologically appropriate (TRGs) (Chambers et al., 2023c) 
and of high conservation value (Core Sagebrush Areas and low R&R) 
(Doherty et al., 2022a) to evaluate and prioritize areas for woody fuel 
treatments where they can reduce fire risk and confer ecological benefits 
to sagebrush ecosystems in the Great Basin. We used modeled burn 
probability (BP) data produced from the FSim fire behavior modeling 
software (Short et al., 2023) to quantify where sagebrush exposure to 
wildfire was the highest and the ForSys spatial planning program to 
optimize treatment in these locations. We also assessed if these areas 
were a source of wildfire that spread to areas of high conservation value. 
We asked these questions: 1) Where and how much of the annual area 
expected to burn is in areas where woody fuel treatments are ecologi
cally suitable? 2) How do operational constraints impact the potential to 
further treat wildfire exposure? 3) Where are the opportunities to treat 
the source of wildfire exposure to mitigate fire transmission into areas of 
high conservation value unsuitable for treatment (low R&R)? 4) How do 
we strategically optimize treatment placement to create tangible and 
implementable projects given ecological and operational constraints? 
We use a novel approach for sagebrush ecosystems that uses a bottom-up 
approach and explicitly incorporates fire risk to ecosystems. We discuss 
the management implications for sagebrush ecosystems that differ in 
their ecological suitability for woody fuels treatments and the impor
tance of protecting areas with high conservation value in prioritization 
strategies.

2. Material and methods

2.1. Study area

The study focused on sagebrush-dominated associations within the 
50-million ha Great Basin. The study area included the Central Basin and 
Range, Northern Basin and Range, and Snake River Plain Level III 
ecoregions (US Environmental Protection Agency, 2019) and encom
passed parts of eastern California, southeastern Oregon, southern Idaho, 
most of Nevada, and western Utah. The topography of the Great Basin is 
variable including basins, mountains, and plateaus that range in eleva
tion from 341 to 4340 m, with the basins typically hot and dry and the 
higher elevations cool and moist (Miller et al., 2013). Plant communities 
comprise salt-desert, sagebrush semi-desert, and intermountain sage
brush steppe, with pinyon-juniper woodlands interspersed and forested 
areas at the highest elevations (Miller et al., 2013). At least a third of the 
historical extent of this area has been invaded by invasive annual grasses 
(Bradley et al., 2018), and the rate of pinyon-juniper expansion into 
sagebrush shrublands is more rapid now than at any point in the Ho
locene (Miller et al., 2019).

The area burned in the Great Basin has increased in recent decades, 
with an average of over 1500 ignitions per year, 371,576 ha burned per 
year with extreme fire years burning close to half a million ha (1992, and 
–2020; Short, 2022). The average fire size is 210 ha with 6 % of fires 
larger than 202 ha (500 acres), and a maximum recorded fire size of 225, 
895 ha (Long Draw fire) (Short, 2022).

The entire study area was spatially delineated to create a fishnet of 
20-ha hexagons where each “hexcell” represented a treatment decision 
unit in ForSys (2.5 million hexcells total).

2.2. Identifying suitability for woody fuel treatments

We determined areas suitable for woody fuel treatments (prescribed 
fire or mechanical) based on the treatment response groups (TRGs) 
spatial layer developed for the dominant sagebrush associations in the 
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Great Basin (Chambers et al., 2024b) (Supplemental Material, Fig. S1). 
The TRGs were assigned based on the sagebrush association, indicators 
of resilience to disturbance and resistance to annual grass invasion 
(R&R), and pinyon-juniper expansion phase (Chambers et al., 2023c). 
The R&R indicators were from Chambers et al. (2023a, 2024b). The 
pinyon-juniper expansion phases (successional stages) were based on 
Chambers et al. (2024a) and Miller et al. (2019). Prescribed fire was 
considered appropriate for fuel treatments in big sagebrush associations 
with relatively high productivity that had moderate to high resilience 
and moderately low or higher resistance, including those with no PJ or 
experiencing phase I or II pinyon-juniper expansion (Chambers et al., 
2023c). Mechanical treatments were assigned to big sagebrush associ
ations with moderately low resilience – mowing in areas without 
pinyon-juniper expansion and cutting and removing trees or mastication 
in areas with phase I and II pinyon-juniper expansion. Less productive 
sagebrush associations (black, low, and mixed low sagebrush) with 
moderately low or higher R&R experiencing phase I or II pinyon-juniper 
expansion also were assigned mechanical treatments. Areas not assigned 
fuel treatments were: 1) low R&R areas with low recovery potentials and 
high risk of invasion; 2) phase III pinyon-juniper expansion with high 
woody fuel loads and the potential for high severity fire or low recovery 
post-treatment; and 3) persistent woodlands which were considered 
high value resources; and 4) less productive sagebrush sites with no 
pinyon-juniper where fuel loads are too low to treat. A simplified deci
sion tree documents the logic for TRG assignment in Supplemental 

Material, Fig. S2.
Each hexcell within the Great Basin study area was assigned a TRG 

based on the majority value of the 30-m TRG pixels within its boundaries 
(Supplementary Material, Fig. S1). The areas suitable for prescribed fire 
or mechanical treatment that were identified in the TRGs defined the 
decision space for the ForSys model to evaluate the woody fuel treat
ment scenarios (Fig. 1). In cases where assignment of the TRG conflicted 
with other spatial data (e.g., dominant sagebrush association indicated 
no treatment but treatment assigned), TRG assignment took precedence.

We identified areas with high resource value and determined their 
suitability for woody fuel treatments using the TRGs and Core Sagebrush 
Areas developed by Doherty et al. (2022b): Core Sage and Big Sage. Core 
Sage areas with high resource value were the TRG hexcells with a ma
jority of their area containing Core Sage values with low or moderately 
low R&R (Doherty et al., 2022a). Big sage areas that were not suitable 
for woody fuel treatments (Big Sage) were the Wyoming, basin, or 
Wyoming/basin big sagebrush hexcells that intersected with low or 
moderately low R&R without PJ expansion (Chambers et al., 2024b). 
Big Sage areas could be classified as both Core and Big Sage if they were 
identified as Core Sage based on Doherty et al. (2022b). Annual grass 
and forb cover was a factor in determining Core Sage categories 
(Doherty et al., 2022a), but it was not included in the development of the 
TRGs (Chambers et al., 2023c). Although cover of annual forbs and grass 
does not reflect the underlying resilience or resistance of an area, it can 
indicate that additional treatments, such as herbicide application or 

Fig. 1. Locations of woody fuel treatments in the Great Basin that were classified as ecologically suitable based on treatment response groups (Chambers et al., 
2023c, 2024a). The blue and red treatment areas represent the decision space for the ForSys spatial planning program. White areas represent non-sagebrush.
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seeding, may be required to limit post-treatment invasion. Therefore, we 
added an additional constraint for this study that areas were not suitable 
for woody fuel treatments if annual forb and grass cover was >15 %. 
Research has shown that an estimate of 15 % cover of the dominant 
invasive annual grass cheatgrass best predicted cheatgrass presence 
(Bradley et al., 2018) and would require active control (Boyd et al., 
2024). Mean annual grass and forb cover was from Rangeland Analysis 
Platform (RAP; Allred et al., 2021) spatial data for 2012 to 2022. Esti
mated mean absolute error (MAE) for RAP cover data relative to a 
validation set of 7500 field plots was ± 7.0 % MAE for annual forb and 
grass pixels (Allred et al., 2021). Areas that burned or received vegeta
tion management treatments prior to or during 2012–2022 were not 
excluded from the calculations but may have had higher annul forb and 
grass cover.

2.3. Assessing wildfire exposure

To assess in situ wildfire exposure, or the wildfire exposure at a given 
location, we used modeled burn probability (BP) data for the Great Basin 
from Short et al. (2023). This 270 m raster dataset was produced using 
FSim fire behavior modeling software, which uses historical fire and 
weather data along with a calibrated fuelscape to simulate the likelihood 
of large fires burning in an area of interest (Finney et al., 2011). The BP 
data used here were produced with a fuelscape based on 2020 fuel 
conditions that was modified from the LANDFIRE data to better reflect 
the presence of invasive annual grasses (Short et al., 2023). The BP value 
in each pixel represents the number of times a pixel burned divided by 
the total number of simulations. To understand in situ wildfire exposure 
to the Great Basin as a whole and to the areas suitable for woody fuel 
treatments, we averaged the BP values across each hexcell then calcu
lated exposure as the product of the area of the hexcell and the BP.

To understand where fires ignite and expose areas that are not 
suitable for woody fuel treatments, we calculated transmitted exposure. 
We intersected Core and Big Sage areas with low R&R with simulated 
wildfire ignition and perimeter data (Short et al., 2023). We tabulated 
the total area of Core Sage and Big Sage burned within each perimeter 
utilizing methods developed by Ager et al. (2021). These values were 
assigned to each ignition to estimate exposure from ignitions at that 
location; thus these locations are the source of exposure to Core and Big 
Sage areas. The attributed ignition database was smoothed using inverse 
distance weighting with a search radius of 2500 m and a power of 0.5, 
creating an exposure grid based on the sum of the ignitions over the 10, 
000–100,000 fire seasons in the simulation models. To annualize the 
exposure data, an ignition probability raster was created (ignition
s/ha/yr) using the ArcGIS point density tool with the same search radius 
of 2500 m and the population field set to ignitions per year. The 
resulting rasters were then multiplied creating a final smoothed expo
sure raster, in which each cell represented the expected annual area 
burned by wildfires igniting in the pixel per year. To validate the final 
transmitted exposure raster, the cell values of the expected exposure 
raster are summed and compared with the total area burned per year in 
the Great Basin directly from FSim ignition outputs. The two values 
varied by <5 %. This process was repeated for the Core Sage or Big Sage 
focal areas, and the exposure values summarized to the spatial hexcell 
dataset. These data were used to assess the potential effects of the 
treatment scenarios, i.e., which scenarios were more effective at treating 
the source of exposure (transmitted exposure) to Core and Big Sage areas 
where woody fuel treatments were not suitable.

2.4. Modeling the woody fuel treatment scenarios

We generated two woody fuel treatment scenarios to examine the 
effect of treatment thresholds (conditions that trigger a treatment) and 
treatment extent on treating expected exposure from wildfire. The sce
narios were modeled with ForSysR (Ager et al., 2021; Evers et al., 2023), 
a spatial planning model designed to allocate treatments to optimize one 

or more management objectives accounting for spatial constraints and 
treatment thresholds. ForSys has been applied in numerous case studies 
to spatially optimize fuel treatments (Day et al., 2023), but previous 
application has focused on forested systems. The ForSys model uses a 
greedy heuristic to build project areas that maximize single or weighted 
objectives subject to activity constraints per project (e.g., treatment 
area). The two scenarios we developed differed in the constraints to 
treatment and the treatment thresholds that triggered treatment 
(Table 1): 1) the suitable lands scenario (SLS) was constrained to stands 
where prescribed fire and/or mechanical treatments were deemed 
appropriate by TRGs and the expected annual exposure was >0; 2) the 
operable lands scenario (OLS) further constrained treatment to avoid 
private lands and lands protected from treatment such as wilderness. 
Three additional treatment thresholds were required to trigger treat
ment in the Operable scenario based on conversations with land man
agers about conditions that limit treatment during project 
implementation: 1) slope was <40 %, 2) stands were close to roads 
(≤2410 m), and 3) mean annual grass and forb cover from Rangeland 
Analysis Platform data (Allred et al., 2021) was <15 % for 2012 to 2022.

To incorporate the constraints into the ForSys model, the hexnet was 
attributed with distance to nearest road, majority ownership 
(Supplementary Material Fig. S3), average slope, and annual grass and 
forb cover. In addition, to help inform potential treatment outcomes the 
hexnet was attributed with information on the cover of the dominant 
sagebrush associations (Supplementary Material Fig. S4). See Supple
mentary Material Table S2 for details on data sources and processing.

Each scenario modeled a Great Basin-wide plan, treating 60 % of the 
suitable land base (3.4 million ha) in 20,000-ha projects optimized to 
treat expected in situ exposure from fire. We modeled discrete project 
areas to replicate operational practices and to coordinate treatments in 
priority landscapes. In some cases the 20,000-ha goal was not met when 
ForSys was unable to find adjacent stands that met treatment thresholds. 
We assumed prescribed fire or mechanical treatments would be imple
mented appropriately based on local conditions as informed by TRGs. 
Specific ForSysR parameters are listed in Supplementary Material. Due 
to the size of the spatial dataset, the Great Basin was divided into subsets 
which were run independently in ForSys; outputs were combined post- 
processing and resorted based on the objective value treated (see Sup
plementary Material Fig. S5 for details).

3. Results

3.1. Wildfire exposure to sagebrush associations and treatment response 
groups

The dominant sagebrush associations within the Great Basin repre
sented 65 % of the total area, yet fire simulation models showed that 80 

Table 1 
Scenario parameters utilized in ForSysR (Evers et al., 2023) for the suitable and 
operable scenarios.

Parameter Scenario

Suitable Operable

Priority Expected annual exposure Expected annual exposure
Available to treat Treatment = Mechanical or 

prescribed fire
Treatment = Mechanical or 
prescribed fire 
Ownership = Not private 
Protected = not protected

Treatment 
threshold

Expected annual exposure >0 Expected annual exposure >0 
Slope <40 % 
Distance to road ≤2410 m 
Annual grass cover <15 %

Project size 20,000 ha 20,000 ha
Treatment area 

target
60 % of the suitable landscape 60 % of the suitable landscape

Treatment 
effects

Expected annual exposure 
Transmitted exposure

Expected annual exposure 
Transmitted exposure
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% of the total expected in situ annual exposure occurred in these areas. 
In the Suitable Lands Scenario (SLS), 17.5 % of the area was assigned to 
TRGs that allowed woody fuel treatments (prescribed fire or mechani
cal) within the dominant sagebrush associations. These woody fuel 
treatments had the potential to treat 24 % of the exposure within the 
sagebrush associations (Table 2; Fig. 2, dark green inner segment).

The Operable Lands Scenario (OLS) added additional treatment re
strictions to the suitable land base due to protection status, ownership, 
slope, distance to road and annual forb and grass cover. After applying 
all the constraints, only 9 % of the total expected annual exposure within 
the sagebrush associations was available for woody fuel treatments in 
the OLS in contrast to the 24 % in the SLS (Fig. 2). Decreases in total 
expected annual exposure for the OLS were greatest due to private lands 
(8 %), followed by protected lands and areas with >15 % cheatgrass 
cover (each 3 %). If herbicide application or seeding were considered in 
conjunction with woody fuel treatments on areas with >15 % cheatgrass 
cover, 12 % of the total expected annual exposure within the sagebrush 
associations would be available for woody fuel treatments.

3.2. Transmitted wildfire exposure to Core and Big Sage focal areas

The highest transmitted exposure to the Core Sage and Big Sage focal 
areas originated within the Wyoming big sage and Wyoming/Basin big 
sage associations (Table 3, Fig. 3). These areas represented important 
opportunities to reduce exposure to locations where woody fuel treat
ments were not ecologically suitable by treating the source of exposure 
and reducing the likelihood that fires will start and spread to the focal 
areas. In general, these areas were directly adjacent to the Core Sage and 
Big Sage focal areas; Fig. 3 shows locations where fires may ignite and 
spread greater distances to impact these areas.

3.3. Suitable lands scenario (SLS)

To treat 60 % of the suitable land base, ForSys generated 174 projects 
ranging in size from 10,740 ha to 20,000 ha. These projects treated 3.4 
million ha with the opportunity to treat 83 % of the expected annual 
exposure with the SLS (Table 4; Fig. 4). Projects were concentrated south 
of the Snake River Plain, in southern Idaho, and in northeastern Nevada. 
At the project scale, mechanical treatments averaged 1916 ha per 
project and prescribed fire 7777 ha per project. Despite Wyoming big 
sagebrush being the dominant sagebrush association within the Great 
Basin (Supplementary Material, Fig. S6), mountain big sagebrush was 
the dominant association across the projects for both area and expected 
exposure. Almost three times the expected annual exposure and treat
ment area occurred in the mountain big sagebrush association than in 
the other sagebrush associations landscape wide.

The composition of land ownership within projects varied, indicating 
treating expected annual exposure requires collaborative planning (four 
ownerships on average were included in the 50 top ranked projects) 
(Supplementary Material, Fig. S3 and Fig. S7). The opportunity to treat 
expected annual exposure varied across these ownerships; the project 
amount was almost double within tribal than in Forest Service (USFS) 
and Bureau of Land Management (BLM) managed lands for the top 50 

projects, despite BLM being the dominant land manager in the Great 
Basin. Across the entire treatment scenario, BLM and private lands 
provided the greatest opportunity to treat expected annual exposure 
representing 60 % of the total exposure combined (30 % and 29 % 
respectively), while tribal lands represented 5 % of the total exposure 
(Supplementary Material, Fig. S3 and Fig. S7). The opportunity to treat 

Table 2 
Total area (ha) identified as suitable for prescribed fire and mechanical treatments based on treatment response groups (TRGs) and areas meeting operational con
straints such as slope, ownership, and distance to road as well as expected annual wildfire exposure.

Land base Total area (ha) Percent of Great Basin areaa Percent of sagebrush associations areaa Total expected annual exposure (ha)b

Great Basin 50,324,890 NA NA 432,570
Sagebrush associations 32,686,182 65.0 NA 345,237

Suitable 5,718,362 11.4 17.5 82,305

Operable 2,497,724 5.0 7.6 30,605

a Values are presented at two scales, the Great Basin as a whole, which provides the context for the study, and the sagebrush associations, where the woody fuel 
treatments could occur.

b Average annual area burned in the Great Basin (1992–2020) = 371,576 ha (Short, 2022); range = 12,793 ha–1,241,037 ha.

Fig. 2. Sunburst plot showing that the percentage of expected annual exposure 
available to treat decreases as each layer of constraint is added (land is removed 
from being available). The inner circle represents the suitable land base, or the 
Suitable Lands scenario, which is the total expected annual exposure within the 
sagebrush associations (see Table 2). The final outer dark yellow segment 
represents the Operable Lands Scenario (OLS).

Table 3 
Total transmitted annual wildfire exposure to Core Sage and Big Sage focal areas 
from ignitions in each dominant sagebrush association.

Dominant sagebrush 
association

Transmitted 
annual Core 
Sage 
exposurea

Transmitted 
annual Big 
Sage exposurea

Total area 
(thousands ha)

(ha) (%) (ha) (%)

Wyoming big sagebrush 9884 5113 40.3 24,951 36.5
WY/Basin big 

sagebrush
8732 3797 30.0 19,882 29.1

Mountain big sagebrush 7038 1271 10.0 5756 8.4
Low sagebrush 1483 848 6.7 2359 35
Not sagebrushb 17,639 656 5.2 10,592 15.5
Basin big sagebrush 559 451 3.6 1134 1.7
Black sagebrush 3957 335 2.6 2335 34
Mixed low sagebrush 1031 207 1.6 1306 19

a Values represent the total annual area burned in these areas by fires ignited 
in each dominant sagebrush association, therefore these areas represent the 
source of exposure.

b Non-sagebrush areas are shown for reference but were not included in the 
treatment scenarios.
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Fig. 3. Simulated wildfire transmission (expected area burned annually in hectares) to A) Core Sage and B) Big Sage focal areas where woody fuel treatments are not 
ecologically suitable due to moderately low or low resilience or resistance. Map indicates where fires ignite and burn into the focal areas and thus represent the 
source of exposure. For example, fires igniting in the darkest blue area of A will burn over a third of a hectare of core sage annually.

Table 4 
The number of projects, area treated, and in situ expected annual exposure treated for different treatment target areas under the suitable and operable land scenarios; 
as well as the transmitted expected annual exposure to Core Sage and Big Sage focal areas under the same conditions.

Scenario Treatment 
target (%)a

Total project 
count

Total area treated 
(millions ha)

Expected in situ exposure 
treated (ha per year)b

Transmitted exposure to Core Sage 
treated (ha per year)c

Transmitted exposure to Big Sage 
treated (ha per year)c

Suitable 20 61 1.2 35,337 160 1096
40 103 2.1 51,401 322 1963
60 174 3.4 68,271 857 3344

100 702 4.7 75,542 1053 4465
Operable 20 61 1.2 23,953 413 1385

40 118 2.0 28,894 608 2009
60 596 2.5 30,604 714 2302

a Total suitable area available to treat = 5,718,362 ha.
b Total annual in situ exposure (or expected annual area burned) across all suitable lands = 82,305 ha (Table 2).
c These values indicate the opportunity to treat transmitted exposure to Core Sage or Big Sage with low or moderately low resilience or resistance; these Core/Big 

sage areas were not treated but the source of exposure was potentially treated in the scenarios. Total annual transmitted exposure to Core Sage = 1282 ha, and Big Sage 
= 5154 ha.

Fig. 4. ForSys woody fuel treatment projects optimized to treat expected annual area exposed to wildfire in the Suitable Lands Scenario. Project boundaries (dark 
gray) are shown with treated hexcells colored by project rank. The inset map shows the spatial arrangement of treated stands within the top ranked projects.
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the source of exposure to Core and Big Sage focal areas (i.e., transmitted 
exposure) was much lower, potentially mitigating less than 1000 ha of 
Core Sage burning annually even after implementing 174 projects.

3.4. Operable lands scenario (OLS)

Adding thresholds to constrain treatment, such as distance to road 
and annual grass cover, severely limited the model’s ability to build 
projects with 20,000-ha of treated area. The OLS was unable to meet the 
landscape target of treating 60 % of the lands ecologically suitable for 
woody fuel treatments. The maximum landscape-wide treated area was 
43.7 %. ForSys generated 596 projects ranging in size from 20 ha to 
20,000 ha representing the opportunity to treat 37.2 % of the expected 
annual exposure within the suitable sagebrush associations (Fig. 5). The 
treated areas spanned all sagebrush associations within the Great Basin 
as ForSys located areas that met the nested layers of constraints (see 
Fig. 3).

Similar to the SLS, prescribed fire treatments were dominant, aver
aging 5180 ha per project while mechanical treatments averaged 1500 
ha per project. Mountain big sagebrush was again the dominant sage
brush association at the project scale (Supplementary Material Fig. S8).

Because private lands were excluded from the OLS, treatments 
shifted to other ownerships. Across all 596 projects, the largest area 
treated was on US Fish & Wildlife lands, followed by tribal, BLM and 
USFS lands. However, the most expected annual exposure per project 
was treated on tribal lands. The ownership composition was mixed with 
few of the top ranked projects treating a single ownership entirely 
(Supplementary Material, Fig. S9). Landscape-wide, almost five times 
the area of the next most dominant land ownership was treated on BLM 
lands (1.7 million ha; 23 % of exposure). The area treated on USFS lands 
was 373,000 ha (7 % of exposure) and on tribal lands was 123,000 ha (3 
% of exposure).

3.5. Scenario comparison

The opportunity to treat in situ expected annual exposure within the 

dominant sagebrush associations increased at a faster rate within the SLS 
than the OLS due to the additional restrictions on woody fuel treatments 
in the OLS (Fig. 6A). In fact, the OLS was unable to achieve the 60 % 
landscape treatment target. At ca. 2 million ha treated, the SLS provided 
the opportunity to treat nearly double the annual exposure as the OLS. In 
other words, 26 % less exposure was treated in the OLS (Fig. 6C).

Treatment of areas where wildfires ignite and spread to Core Sage 
and Big Sage areas showed different trends for the OLS and SLS. The OLS 
was more efficient at treating wildfire transmission into Core Sage and 
Big Sage. The OLS treated over 2.5 times the transmitted exposure to 
Core Sage after the first 60 projects (1.2 million ha) were implemented, 
although eventually the higher treatment rate of the SLS was able to 
treat more transmitted exposure (after ca. 3 million ha treated) 
(Fig. 6B–C, Table 4). OLS treatments were spread throughout the Great 
Basin (Fig. 7) increasing the opportunity to treat areas adjacent to Core 
Sage and Big Sage areas (see Figs. 3–5).

Typically fuel reduction projects do not treat every acre; treatments 
are applied where appropriate within a project area boundary. ForSys 
replicates this behavior and excludes stands that do not meet treatment 
thresholds, accounting for them within the project boundary. These 
stands are not included when assessing treatment outcomes. To meet the 
project treatment target of 20,000 ha in the OLS, ForSys had to search 
farther and “jump over” hexcells excluded from treatment to build 
projects. This is evident in Fig. 8B where total project size (i.e., the 
project boundary including both treated and untreated stands) increased 
up to 300,000 ha in rare cases in the OLS. Reaching the target of treating 
20,000 ha within each project was frequently not attainable in the OLS 
with total treated area per project averaging 4191 ha (173 projects 
treated, 20,000 ha each) (Fig. 8A). Due to the large total project size, in 
only rare cases in the OLS were projects able to treat over 50 % of the 
total project area; on average only 12 % of a project was treated 
(Fig. 8C). In contrast, the mean percentage of the project area that was 
treated for the SLS was 57 %.

Fig. 5. ForSys woody fuel treatment projects optimized to treat expected annual wildfire exposure in the operable lands scenario. Project boundaries (light gray) are 
shown with treated hexcells colored by project rank. The inset map shows the spatial arrangement and dispersed nature of treated stands.
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4. Discussion

We created a spatially explicit, landscape-level prioritization that for 
the first time optimized placement of woody fuel treatment projects in 
sagebrush ecosystems based on expected annual exposure to wildfire in 
areas resistant to invasion and resilient to disturbance. Our approach 
used FSim to evaluate annual exposure to wildfire and the ForSys 
planning system to optimize treatment locations to reduce wildfire 
exposure. We used treatment response groups (TRG; Chambers et al., 
2023c) to identify the 5.7 million hectares (17.6 %) of sagebrush 

Fig. 6. Comparison of cumulative opportunity to treat (A) in situ and (B) transmitted expected annual exposure to wildfire for the Suitable and Operable Lands 
scenarios, and C) the cumulative difference in treatment opportunity between the two scenarios as projects are implemented. Vertical dashed lines represent 
increasing treatment target areas based on the Suitable Lands Scenario. The operable scenario was unable to meet the 60 % treatment target. Suitable lands represent 
a total of 5.7 million ha within the Great Basin.

Fig. 7. Treatment overlap between the Suitable and Operable Lands Scenarios.

Fig. 8. Project level treatment summary for the Suitable and Operable Lands 
woody fuel treatment scenarios. (A) Total treated area per project, (B) total 
project size including treated and untreated hexcells, and (C) area treated per 
project as a percentage of total project size. Black box lines are medians, the 
tops and bottom of the boxes are the 75th and 25th percentiles, and whiskers 
represent 1.5 times the low and high percentiles. Data points outside the 
whiskers are denoted by dots and mean values are indicated by diamonds.
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associations that were likely to have favorable responses to woody fuel 
treatments under the Suitable Lands Scenario (SLS). After accounting for 
operational treatment restrictions under the Operable Lands Scenario 
(OLS), we found that woody fuel treatments could be realistically 
implemented in 2.5 million ha (7.6 %) of the sagebrush associations. The 
relatively small area suitable for woody fuel treatments was primarily 
because large areas of the Wyoming, Wyoming/basin, and basin big 
sagebrush associations have low and moderately low resilience (80.2 %) 
and resistance (82.9 %) and were categorized largely as unsuitable for 
woody fuel treatments due to low recovery potential and high risk of 
annual grass invasion (Chambers et al., 2023c). We found that trans
mitted annual wildfire exposure to Core Sage and Big Sage areas origi
nated in Wyoming, Wyoming/basin, and basin big sagebrush 
associations accounting for 73.9 % and 67.3 % of the total transmitted 
exposure across the entire Great Basin, respectively. This indicates that 
while woody fuel treatments to manage wildfire risk can be effective in 
many sagebrush-dominated areas of the Great Basin, large areas with 
relatively high conservation value but lower R&R require other types of 
fire or fuels management such as fuel breaks or dormant-season live
stock grazing and post-fire restoration where feasible in areas that are 
the source of exposure. Optimizing mechanical thinning and prescribed 
fire to treat wildfire exposure across 2.1 million ha to implement the 40 
% SLS resulted in over 100 projects concentrated south of the Snake 
River Plain; in contrast considering operational constraints such as 
distance to road shifted projects across the Great Basin, improving the 
capacity to treat transmitted exposure but reducing the opportunity to 
mitigate in situ wildfire exposure.

4.1. Wildfire exposure to areas suitable and unsuitable for woody fuel 
treatments

While close to 80 % of the in situ expected annual wildfire exposure 
occurred within the dominant sagebrush associations, only 24 % of that 
exposure was suitable for woody fuel treatments. Suitable treatment 
areas were mostly concentrated in the mountain big sagebrush associ
ation in southern Idaho and northeastern Nevada. This association was 
widespread in this area and was characterized by relatively high pro
ductivity and expected annual exposure to wildfire as well as relatively 
high resilience and resistance.

The treatment suitability criteria specified for the TRGs were based 
on our recent analyses and literature reviews (Chambers et al., 2024c; 
Ellsworth et al., 2022; Miller et al., 2013, 2019; Williams et al., 2023) 
and were designed to ensure that investments into hazard reduction 
were most likely to have a positive impact on sagebrush ecosystems. 
These criteria included: 1) treatments were durable and resulted in a 
longer-term (10+ years post-treatment) decrease in fire risk, 2) treat
ments resulted in maintaining or increasing resilience as measured by an 
increase in perennial forbs and grasses, and/or establishment of sage
brush, and 3) treatments did not decrease resistance to invasion and 
resulted in little to no increase in invasive annual grasses and forbs 
(Chambers et al., 2023a). The relative abundances of the dominant plant 
functional groups coupled with the relative R&R of a potential treatment 
area are the primary determinants of treatment outcomes. In general, 
TRGs unsuitable for woody fuel treatments included warm and dry 
sagebrush ecosystems or pinyon-juniper expansion areas with lower 
R&R. These areas are often slow to recover following either wildfire or 
management treatments and the disturbance caused by a fuel treatment 
can result in transition from native-dominated to invasive-dominated 
ecological states (Chambers et al., 2014, 2019; Monaco and Gunnell, 
2020) that are more fire-prone (Balch et al., 2013; Brooks et al., 2004; 
D’Antonio and Vitousek, 1992). In contrast, TRGs suitable for woody 
fuel treatments included cooler and moister sagebrush ecosystems or 
pinyon-juniper expansion areas with generally higher R&R. These areas 
are more productive and typically recover more quickly following 
treatment; sagebrush and perennial native grasses generally increase 
following modification or removal of woody fuels and the area remains 

in a more desirable ecological state (Chambers et al., 2014, 2023c; 
Williams et al., 2023).

Woody fuel treatments have varying effects on fuels and fire 
behavior and thus fire exposure depending on pre-treatment fuel 
composition and structure, the relative R&R of the treated area, the type 
of treatment, and the time since treatment (see review in Chambers 
et al., 2024c). Recent modeling of post-treatment fuels and fire behavior 
indicated that prescribed fire reduced canopy and surface fuel loads and 
decreased modeled fire intensity in both shrublands and expansion 
woodlands for six or more years (Ellsworth et al., 2022; Williams et al., 
2023). Mechanical treatments were less severe than prescribed fire. 
Mowing of shrub canopies reduced intensity for 10 years but had 
shorter-term effects on total fuel loads and modeled fire behavior than 
prescribed fire (Ellsworth et al., 2022). Cut-and-remove and 
cut-and-pile-burn treatments in expansion woodlands also appeared to 
decrease modeled fire intensity (Chambers et al., 2024a). Tradeoffs 
existed as treatments that decreased woody fuels (shrubs and trees) 
typically resulted in increased herbaceous fuels (native grasses and 
forbs) over time. Increases in herbaceous fuels posttreatment elevated 
the rate of spread and other fire behavior metrics, especially in 
pinyon-juniper expansion areas (Bunting, 1987; Williams et al., 2023). 
However, greater abundance of perennial herbaceous species likely in
creases both ecological resilience and resistance to invasive annual 
grasses following future wildfires (Chambers et al., 2014).

The recovery potential and thus suitability of areas for woody fuel 
treatments has decreased in recent decades due to progressive increases 
in invasive annuals like cheatgrass (Davies et al., 2021; Mozelewski 
et al., 2024). We found that the area suitable for treatment was reduced 
by about 3 % when a treatment threshold of 15 % annual forb and grass 
cover was included in the OLS. The increases in invasive annual grasses 
in many sagebrush areas can be attributed to decreases in perennial 
native grasses, the primary competitors with the invasive annual 
cheatgrass (Bansal and Sheley, 2016; Chambers et al., 2007; Davies 
et al., 2008; Larson et al., 2017; Urza et al., 2017), due largely to past or 
present livestock grazing (Anderson and Inouye, 2001; Mahood et al., In 
review; Williamson et al., 2020). In addition, climate warming in 
sagebrush ecosystems (Bradford et al., 2020) is resulting in decreases in 
R&R (Chambers et al., In review; Chambers et al., 2024a) in sagebrush 
associations and the elevational ascent of cheatgrass in the Great Basin 
(Smith et al., 2022). The landscape scale of the TRGs and ForSys sce
narios did not allow fine-tuning of treatment options, although more 
detailed treatment designs could be modeled to downscale these results. 
However, applying herbicide or seeding of desired perennial vegetation 
in areas with depleted perennial grasses and forbs has the potential to 
increase resistance to invaders and promote recovery (Miller et al., 
2015; Monaco and Gunnell, 2020).

The core sage area comprised about 12 % of the sagebrush associa
tions; most was low or moderately low R&R (~68 %) and thus was 
largely unsuitable for woody fuel treatments. Minimizing the risk of 
transmitted fire into these areas to prevent conversion to invasive an
nuals is a high priority (Crist et al., 2024) and several vegetation man
agement strategies are being implemented in attempts to decrease this 
risk. In this study, the OLS showed treatment opportunities to address 
transmitted exposure in Core Sage, which were almost double the 
amount for the SLS when the first 20 % of the suitable land base was 
treated. Alternative fuel treatments, including fuel breaks, could be 
leveraged to block or limit annual wildfire exposure in lower R&R areas. 
Fuel breaks are intended to facilitate active wildfire suppression activ
ities and to limit the size and spread of wildfires in these sagebrush 
ecosystems (Chambers et al., 2024c; Maestas et al., 2016; Moriarti et al., 
2015; Shinneman et al., 2019; Weise et al., 2023). They may reduce 
transmitted fire risk by decreasing fuels and by extension the rates of fire 
spread and flame lengths (Chambers et al., 2024c; Ellsworth et al., 2022; 
Roche et al., 2024). About 10,000 km of linear fuel breaks have been 
installed across the western United States with an additional ~17,700 
km proposed (Shinneman et al., 2018). Research on fuel break 
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effectiveness is limited, but recent work showed that fuel breaks were 
more effective in areas that were readily accessible and dominated by 
fine fuels (Weise et al., 2023). Dense fuel breaks within wildlife habitats 
can result in tradeoffs between wildfire protection and decreased 
ecological integrity of these high value resources (Roche et al., 2024).

Targeted grazing has the potential to alter landscape-scale fire 
behavior by creating fuel breaks, increasing the safety and effectiveness 
of fire-suppression operations, and decreasing the extent of wildfire 
spread (Chambers et al., 2024c; Maestas et al., 2016; Shinneman et al., 
2019). High intensity targeted grazing is typically used in areas domi
nated by annual grasses to reduce herbaceous fuel loads (Diamond et al., 
2009, 2012), while dormant season targeted grazing (Nov–April) can be 
used to reduce herbaceous fuels and fire spread during subsequent fire 
seasons (Davies et al., 2021, 2022; Schmelzer et al., 2014). Targeted 
grazing to remove invasive annual grass fuels and reduce transmitted 
fire risk can be highly effective in heavily invaded areas, but two or more 
years are needed to remove the seedbank and prevent subsequent in
creases if treatments cease (Schmelzer et al., 2014). To be viable over the 
long-term, targeted grazing requires either repeated application or 
successfully seeding and establishing perennial species (Chambers et al., 
2024c). In warmer and drier ecological types with lower R&R estab
lishing perennial species is difficult in general and may require repeated 
entries (e.g., Knutson et al., 2014; Shriver et al., 2019).

Dormant season grazing has the potential to reduce herbaceous fuels 
and fire spread but has been demonstrated for only a few ecological site 
types in southeastern Oregon with relatively low sagebrush cover 
(Davies et al., 2017; Orr et al., 2023). A primary tradeoff is that removal 
of herbaceous fuels by grazing reduces flame length and rate of spread 
only when shrub cover is relatively low (<18 %) (Orr et al., 2023; 
Schachtschneider et al., 2024). Additional research is needed to better 
define the conditions under which dormant season grazing is most likely 
to be successful in reducing fuels and fire.

4.2. Suitable lands and operable lands scenarios

Imposing realistic treatment constraints in the OLS resulted in a large 
reduction in treatable areas under the OLS largely because sagebrush 
landscapes in the Great Basin are often patchy, dissected, and frag
mented (Knick and Connelly, 2011). The operable landscape was further 
fragmented after applying additional constraints on treatment (e.g., 
distance to road). Under the SLS, 83 % of the expected annual losses that 
were suitable for treatment were treated in large project areas that, for 
the most part, ranged between 10,000 and 20,000 ha in size. In contrast, 
the OLS treated only 37.2 % of the potential annual exposure and most 
projects were less than 5000 ha. On average only about 12 % of the total 
area within the 20,000-ha project target areas could be treated, which 
could compromise landscape risk reduction goals. The OLS was unable 
to meet the 60 % treatment target; after applying operational re
strictions on where treatment could happen, even treating every hectare 
available would fail to meet the treatment target (Tables 2 and 4). 
Nevertheless, the relatively small operable area provides detailed, 
spatially explicit planning information for a landscape-level prioritiza
tion to hedge against failed objectives and wasted resources (Iftekhar 
et al., 2017) which are often ignored in large scale prioritization efforts.

There was a clear tradeoff in having strict criteria for the OLS: their 
impact on the landscape is limited because higher treatment densities 
are more effective at slowing wildfire spread (Barnett et al., 2016) and 
dampening wildfire behavior (Ager et al., 2020; Finney, 2001). Con
straining the operable area to non-wilderness areas and areas close to 
roads did not greatly reduce possible acres, but constraining operable 
areas to non-private lands did. Fuel treatments, especially mechanical 
removal, are rarely implemented in federally-managed protected areas 
(Appel, 2015; Lieberman et al., 2018). Allowing treatments on private 
lands could increase the operable landscape by up to 7 %. 
Cross-boundary fuel treatments have been proposed through the USDA 
Forest Service Wildfire Crisis Strategy (Charnley et al., 2020; USDA 

Forest Service, 2022) and have been successfully implemented in 
restoration partnership efforts (Cyphers and Schultz, 2019). In both the 
SLS and OLS scenarios, projects were multi-ownership, supporting calls 
for cross-agency and cross-boundary strategic prioritization to support 
sagebrush conservation (Mozelewski et al., 2024; Naugle et al., 2024).

4.3. Project-level treatment prioritization

Various methods have been applied to sagebrush conservation and 
prioritization given the threats to sagebrush ecosystem exceed the re
sources available to mitigate losses (Doherty et al., 2022a). Sparklin 
et al. (2024) analyzed CSAs across national parks and monuments and 
quantified which parks provide the best opportunity for targeted in
vestments when viewed across the entire sagebrush biome, finding two 
parks contained 72 % of CSA acreage. Targeting investments to those 
parks could more efficiently contribute to a conservation strategy, the 
authors argued. Reinhardt et al. (2024) combined a suite of sagebrush 
risk indicators into a single prioritization metric using expert input to 
generate a prioritization map of the entire biome, and estimated 
business-as-usual treatments would take 19 yrs to treat CSAs and 143 
years to treat all priority areas (assuming 64,319 ha treated annually). 
Similar to our findings, much of the high priority area was identified on 
BLM and private lands, although the locations of these areas were pri
marily east of the Great Basin and east of the Rocky Mountains. Research 
focused on identifying CSAs that are connected at a landscape scale 
mapped areas that could “anchor” conservation strategies (Theobald 
et al., 2024); the highest priority areas were concentrated in south
western Wyoming. Boyd et al. (2024) created a prioritization framework 
for the sagebrush biome focused principally on one of the drivers of 
sagebrush degradation, invasive annual grass. This work leveraged 
geospatial overlays to identify prioritization strategies for areas where 
intact sagebrush can be maintained but are at high risk of invasion, 
places currently invaded but could be restored, and places where inva
sion can be contained and binned these into low, moderate and high 
priority.

All of these efforts contribute to prioritization efforts at varying 
scales but none identify the best opportunities for restoration or con
servation given the constraints on treatment such as distance to road, 
slope and management restrictions, among others, thus treatments may 
be more efficiently allocated elsewhere. By contrast, ForSys uses a 
simple heuristic to sequentially build optimized project areas by 
searching the landscape for adjacent areas of high objective (e.g., ex
pected annual exposure) while considering constraints and potentially 
multiple treatment thresholds. Thus, the prior approaches generate 
coarse scale priority maps, often at 30 m pixel resolution, whereas 
ForSys builds a sequence of planning areas that can resemble projects on 
the ground (Ager, 2024; Day et al., 2023).

The ForSys planning approach has the potential to advance planning 
efforts across the Great Basin, and could utilize much of the input data 
used in other prioritization approaches to further refine treatment plans. 
ForSys outputs are not only being utilized to estimate post-treatment fire 
effects by leveraging FSim to assess how treatments change fire behavior 
as shown here, but also to explore the tradeoffs associated with woody 
fuel treatments that decrease woody fuels and fire intensity in the short 
term, and increase herbaceous fuels and fire spread in the longer term. In 
addition, ForSys outputs are being used to understand the impact of fuel 
treatment location and the characteristics of fuel breaks that maximize 
suppression efforts, minimize ecological effects, and limit fire spread 
into areas of high conservation value.

4.4. Limitations

Management priorities identified from wildfire simulation outputs 
carry many of the same limitations as the underlying wildfire models 
and associated input data. Wildfire simulation models attempt to cap
ture the natural variability in highly stochastic fire regimes by 
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simulating a large number of fire seasons (ca. 20,000–100,000). How
ever, inherent variability in fire regimes, i.e., where and when a fire 
event will occur, contributes to uncertainty in predicting management 
priorities. In turn, incorrect prioritization can have unintended conse
quences and contribute to the failure of restoration programs (Brudvig, 
2017). Thus we acknowledge that the priorities identified in this study 
have underlying uncertainty related to the fire regimes in the Great 
Basin ecosystem. Another limitation is that we assumed that treatments 
would function as intended in terms of the treatment objectives for 
residency and restoration. Modeling treatment effects on future fire and 
other ecological benefits is a significant analytical problem and was 
beyond the scope of the study and is the subject of future investigation.

5. Conclusions

Leveraging the TRGs and mapped areas of high conservation value 
provides the basis for locating woody fuel and other vegetation man
agement treatments where they are likely to have the greatest ecological 
benefits (Chambers et al., 2023b). Using the ForSys planning system in 
combination with fire probability metrics provides the capacity to focus 
these treatments where they are most likely to reduce fire hazard. 
Maximizing the use of these tools requires additional research to 
determine those conditions that are most effective in reducing fire risk 
and maximizing wildfire suppression while minimizing risk to high 
value ecological resources. A logical extension to this study is to analyze 
the potential benefits of treatment using fire simulations to quantify 
change in burn probability and intensity both within the treatment areas 
and at the larger landscape scale. Work is underway to identify post 
treatment fire behavior using the FSim model across the Great Basin, as 
well as to explore tradeoffs between the short-term benefits of woody 
fuel treatments in terms of reduced fire intensity, and potential longer 
term faster fire spread rates that result from higher post treatment 
herbaceous biomass. A second follow up study is needed that examines 
how the R&R treatment strategies analyzed here can be optimally 
co-located with fuel break networks planned for much of the Great Basin 
(Shinneman et al., 2019) to achieve the respective goals of the alter
native treatment strategies. While there is overlap in the objectives, 
restoration treatments are aimed at minimizing deleterious fire impacts 
and improving sagebrush habitat whereas fuel break networks attempt 
to minimize large fire growth by improving fire control. Studies that 
examine the co-implementation of landscape restoration and fuel break 
treatments as part of a strategic plan are rare (Aparício et al., 2024) 
despite obvious benefits from coordinated implementation. Future work 
would also benefit from exploring additional treatment options, such as 
herbicides and seeding, to control invasive annual grasses. Recent efforts 
to characterize the scale of conservation and restoration needed to 
counter the loss and degradation of sagebrush systems estimated that a 
10 fold increase in investments was needed over current levels 
(Mozelewski et al., 2024). Increasing the pace of treatment with an 
implementation plan identifying the highest risk places to treat first, 
provides a strategic approach to optimizing treatments, and therefore 
investments, where they are ecologically suitable and decrease fire risk.
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